This paper describes the process by which the cell wall of Proteus mirabilis, as measured by the presence of the 0 antigen, develops during the differentiation of swarmers from short cells on an agar surface. The sequence was followed by fluorescent-antibody staining, with both the direct and reverse methods. When the organisms were labeled with fluorescent antibody by the direct method, they showed a progressive diminution of the marker along the cell surface and some increase in the length of the bacteria. However, the label had become completely diluted out before typical swarmers developed. When the bacteria were exposed initially to unlabeled antibody by the reverse technique, and then incubated with fluorescent antibody, they showed a progressive increase both in the intensity of the label along their entire periphery and in cellular length, culminating in the formation of swarmers. It is concluded that in P. mirabilis, as in the few other gram-negative bacteria examined so far, cell wall synthesis takes place diffusely, i.e., by intercalation of new with old components along the length of the cell wall.
When Proteus mirabilis is inoculated onto an agar surface, there follows a regular sequence of events leading to swarming (11) (12) (13) . The small, coccoid to rod-shaped cells of the inoculum first increase in size and then start to divide; after a period of time, the rods so formed cease dividing and gradually elongate to form characteristic swarmers. If the agar plate is inoculated centrally (11, 13) , the swarmers migrate away from the colony developing at the site of inoculation and move outwards onto fresh medium; at subsequent stages, they move further outward from the rings of consolidation growth which form progressively around the primary colony. If the plate is inoculated sparsely all over (12) , the swarmers gyrate in masses on the entire surface of the agar. Proteus swarmers can vary from about 6 to 80 ,m in length, depending on the stage of their development, and are motile because they possess hundreds, even thousands, of flagella (12) . They contain regularly spaced nuclei separated from one another by cytoplasmic regions, there being no intervening septa (13, 22) . An individual swarmer is enclosed by a single, enveloping cell wall (13) . The process by which this cell wall develops during the differentiation of swarmers from much smaller cells has been investigated in the present paper by the immunofluorescence technique.
Immunofluorescence, as applied to the growth of bacterial cell wall, may be done in several different ways, known as direct, reverse, and indirect (3, 7), of which the first two were employed here. In the direct method, the fluoresceinlabeled antibody globulin is first allowed to react with the homologous antigenic component in the cell wall; the bacteria are then removed from the labeled antibody and grown in fresh medium. When examined with a fluorescence microscope, newly synthesized wall is nonfluorescent, whereas old wall retains the labeled antibody. In the reverse method developed by Cole and Hahn (8) , the bacteria are first exposed to unlabeled antibody, which blocks the specific antigenic sites in the wall; the organisms are then washed and reincubated. Finally, smears are stained with fluorescein-labeled antibody, so that newly synthesized sites fluoresce while old wall is nonfluorescent.
As a result of the application of the various methods of immunofluorescence to a relatively small number of bacterial species, it seems apparent (7, 9) that gram-positive bacteria synthesize new wall at discrete sites, i.e., in the region of the developing septum, whereas gramnegative organisms synthesize new wall components diffusely, i.e., by intercalation of new with old components along the length of the wall. Among the gram-positive organisms investigated are Streptococcus pyogenes (8), S. CELL WALL GROWTH DURING DIFFERENTIATION faecalis (5) , Bacillus megaterium (4), and B.
cereus (4) . Among the gram-negative organisms studied are Salmonella typhimurium (18) , S. typhosa (6) , and Spirillum volutans (16) . Investigators are at present in disagreement as to the mode of synthesis of new wall in another gram-negative species, Escherichia coli, i.e., as to whether it occurs at discrete sites (5) or by diffuse intercalation (1) .
It therefore seemed desirable to examine the pattern of cell wall growth in yet another gramnegative organism and representative of the Enterobacteriaceae, P. mirabilis. This bacterium is considered an ideal test system in view of its capacity to produce, on a solid medium, progressively longer cells, culminating in swarmers.
MATERIALS AND METHODS Culture. The strain ofP. mirabilis used in this work, PR-27, was isolated from a stool specimen and maintained on egg slants at 4 C as described previously (11) (12) (13) .
Preparation of somatic antibody. An overnight broth culture of P. mirabilis was inoculated onto Heart Infusion (HI; Difco)-agar in a Roux flask and incubated for 48 hr at 37 C. The bacteria were removed from the surface of the agar in saline (0.15 M NaCI), centrifuged, washed twice, and suspended in saline. This suspension was heated at 100 C for 2.5 hr, diluted to approximately 109 bacteria per ml, and injected without adjuvant into five rabbits according to a standard schedule for the production of 0 antiserum (10) . The antisera were collected by cardiac puncture 1 week after the final injection and pooled. The 0 antibody titer of the pooled antisera was determined by tube agglutination test to be 1,280. Before use, the antisera were heated at 56 C for 30 min to destroy complement.
Globulin conjugation with fluorescein. The globulin fraction of the pooled antisera was obtained by precipitation with half-saturated (NH4)2SO4, and was dissolved in distilled water. The globulin solution was dialyzed at 4 C against frequent changes of FA Buffer (Difco), a form of phosphate-buffered saline (PBS), sterilized by passage through a 0.45-,um membrane filter (Millipore Corp., Bedford, Mass.), and stored at -20 C. Globulin was labeled with fluorescein isothiocyanate (FITC) by a modification of the usual technique (17, 21) . The crude globulin fraction was diluted in FA Buffer to a concentration of 20 mg per ml; FITC (Nutritional Biochemicals Corp., Cleveland, Ohio) was dissolved in borate buffer (pH 9.2) at a concentration of 1.7 mg per ml. Equal volumes of the globulin and FITC solutions were gently mixed, and then left at 4 C for 5 hr without stirring. The conjugate was sterilized by membrane filtration and stored at -20 C.
Uncoupled fluorescein was removed with activated charcoal by Nairn's (20) method, 20 mg of activated charcoal (Difco) being used per ml of conjugate. Only small portions were thus treated at any one time. Nonspecific staining was also reduced by Nairn's (20) method, by using 100 mg of bovine liver powder (Difco) per ml of conjugate. After each of these steps, the conjugate was clarified by centrifugation and sterilized by membrane filtration. The final product was stored at -20 C.
The titer of the fluorescein-labeled antibody was determined by the tube agglutination test to be 640; the highest dilution which gave flourescence was 32.
Growth of bacteria prior to staining. Swarmers of P. mirabilis develop on HI-agar after approximately 3 to 4 hr at 37 C. Since we wished to follow the distribution of fluorescent label against the 0 antigen during the latter half of this period, the cultures were grown initially for 2 hr before staining the bacteria by either the direct or the reverse method.
The cultures were prepared as follows. The inoculum from an egg slant was passed through a Craigietype motility tube containing HI plus 0.3% agar, as described previously (11) (12) (13) . Bacteria from the periphery of the tube were suspended in PBS to a concentration of about 109 per ml; 1 ml of this suspension was spread uniformly over the surface of HI-agar (60 ml in a 15-cm plastic petri dish), the agar having previously been dried 1.5 hr at 37 C. The plates, bearing an inoculum of approximately one bacterium per 20 um2 of surface, were then incubated for 2 hr at 37 C, at the end of which time the cells were removed in PBS, centrifuged, and washed twice with PBS.
Direct method for labeling bacteria. The pellet of washed bacteria was suspended in 6 ml of undiluted fluorescein-labeled antibody and allowed to react for 30 min at 37 C. The labeled culture was then washed twice with PBS, and 0.8 ml containing approximately 109 bacteria per ml was spread uniformly over the surface of a series of freshly prepared and dried plates of HI-agar (15 ml in 10-cm plastic petri dishes). These plates were then incubated for 15, 30, 45, 60, 90, and 120 min, respectively; the extent of cellular differentiation was checked at each time by focussing on the growth on the surface of the agar with a phasecontrast microscope (11) . At the end of each interval, the bacteria were removed from one of the plates in 10% Formalin (prepared in PBS and buffered at pH 7.2) and left overnight at 4 C. The following day, the fixed cultures were washed twice with PBS and then suspended to give a distinct turbidity in the tip of a Pasteur pipette. A drop of the suspension was spread on several grease-free slides and allowed to dry in air. They were then fixed in methanol for 10 min, air-dried, and mounted in buffered 90% glycerol, pH 7.2 (19) , under a grease-free no. 0 cover slip.
Reverse method. The pellet of washed bacteria was suspended in 6 Controls for determining the specificity of fluorescent-antibody labeling. In the direct method, the specificity of fluorescein-labeled antibody for P. mirabilis PR-27 was checked against other species, i.e., P. vulgaris, P. morganii, and P. rettgeri.
In the reverse method, the blocking of reactive sites in zero-time cells by homologous antibody was checked by staining with fluorescein-conjugated goat anti-rabbit globulin (Microbiological Associates, Inc., Bethesda, Md). This control thus employs the indirect method of fluorescent-antibody staining (3).
Microscopy. All preparations were examined under oil immersion with a Zeiss GFL microscope. The light source was an Osram HBO 200 mercury vapor lamp, and dark-field illumination was employed by using an ultra condenser (NA, 0.75 to 1.0) in combination with a IOOX planachromat objective equipped with an adjustable iris diaphragm which was set at NA 0.8. The light was passed through a Schott exciter filter, BG 12 , and through two barrier filters, Zeiss 47 and -65. Photographs were taken on Kodak Tri-X Panatomic film, exposed for 40 to 60 sec, and developed 17 min at 20 C in Rodinal (Agfa Aktiengesellschaft, Leverkusen, Germany), diluted 1:50.
RESULTS
Figures 1 to 4 demonstrate changes in the intensity of fluorescein label with cells ofP. mirabilis that had been stained by the direct method and reincubated on HI-agar. At zero-time (Fig. 1) , the rod-shaped bacteria are uniformly and fairly intensely labeled along the length of their walls. After 15 min (Fig. 2) , some of the cells have increased in length, and the fluorescence of the anti-O antibody marker has diminished diffusely. By 30 min (Fig. 3) , there is not much further change in cell length, but the intensity of label has decreased significantly. After 60 min (Fig.  4) , the label is scarcely visible, although by this time a few swarmers had previously been observed with phase-contrast optics to have developed on the surface of the medium. Preparations made after 60 min of incubation, i.e., at 90 and 120 min, fluoresced too faintly to be reproduced photographically; however, when such plates were examined prior to fixation of the bacteria, the gyrating movement typical of masses of swarmers was observed. Preparations of P. vulgaris, P. morganhi, and P. rettgeri showed no staining when smears were treated with antibody prepared against P. mirabilis PR-27 and conjugated with fluorescein. Figures 5 to 10 show the changes during a 2-hr experiment in which bacteria labeled by the reverse technique were reincubated on HI-agar. At zero-time (Fig. 5) , the bacteria are scarcely visible in the fluorescence microscope. The intensity of label increases with time, as seen after 15 min (Fig. 6) and 30 min (Fig. 7) . By 60 min (Fig. 8) , the cells, which by now have increased significantly in length, fluoresce quite brightly along their entire periphery. At 90 min (Fig. 9) , slightly longer and still brighter organisms are observed. After 120 min of incubation (Fig. 10) , long thin swarmers have developed, and they too fluoresce throughout their length. Control smears of zero-time cells stained by the indirect method showed fluorescence. Figures 5 to 10 clearly demonstrate that immunofluorescence of the cell wall (as measured by appearance of O antigen) increases uniformly along the length of the bacteria as short rods of P. mirabilis differentiate into long swarmers. DISCUSSION P. mirabilis appears to synthesize its cell wall by the intercalation of new material with old. When the bacteria were labeled with fluorescent anti-O antibody by the direct method, they showed a progressive diminution of the fluorescein marker along the cell surface ( Fig. 1 to 4 ). In such an experiment, the label became diluted out before swarmers had developed, so that Fig. 1 to 4 do not show clearly a characteristic increase in bacterial length. However, phasecontrast observations of the growth on the surface of the plates, prior to fixing the bacteria, confirmed that the short rods did indeed differentiate into swarmers within 2 hr of reincubation, as described previously for normal plate cultures (11) (12) (13) . When the bacteria were exposed initially to unlabeled anti-O antibody according to the reverse technique, and then reincubated, they showed ( Fig. 5 to 10 ) a progressive increase both in the intensity of label along their periphery and in cellular length. The results obtained with the reverse technique complement the direct method and confirm that cell wall (as determined by the distribution of the 0 antigen) is synthesized diffusely. This finding is contrary to the view based on observations with the electron microscope (12) that new cell wall is synthesized FIG. 1-4 . Fluorescence photomicrographs of Proteus mirabilis stained by the direct method. The bacteria were grown on plates of HI-agar for 2 hr, incubated in fluorescein-labeled anti-O-globulin, washed, and reincubated on fresh plates of HI-agar. Samples were removed at zero-time (Fig. 1) , after 15 min (Fig. 2) , after 30 min (Fig. 3) , and after 60 min (Fig. 4) (Fig. 5) , after lS min (Fig. 6 ), after 30 min (Fig. 7) , after 60 min (Fig. 8) , after 90 min (Fig. 9) , and after 120 min (Fig. 10) (2) .
Of interest is the observation that cells of P. mirabilis can be removed from plates of HI agar after 2 hr of incubation, treated in various ways, inoculated onto fresh plates of HI-agar, and give rise to swarmers. This finding suggests that swarming is not due to the production of a nonspecific toxic agent which accumulates in the medium (15) .
